INTRODUCTION
Today there is an increased use of wireless technology for medical diagnosis. Wireless capsule endoscopy is one such example for diagnosing gastrointestinal (GI) tract diseases. Conventional wired endoscopy is done by inserting a long flexible tube through the mouth or the rectum, usually containing optical fibers to transmit light to illuminate the organ under inspection and capture images with a lens and a miniature camera [1] , [2] . However this procedure may cause pain and discomfort. Moreover, due to the complex anatomy of the small intestine, the conventional wired endoscopy is incapable of reaching the entire small intestine [2] .
The limitations of the conventional wired endoscopy can be overcome by the use of a wireless capsule endoscope (WCE) [1] , [2] . A WCE is an ingestible pill-like wireless device containing a miniature camera that captures the images while it passes through the small intestine or other part of the GI tract. The images are usually sent wirelessly to an external receiver for analysis. However, one of the challenges in wireless endoscopy is accurate localization of the capsule while it passes through the GI tract due to the lossy and heterogeneous nature of the tissues of the human body. The localization is critical in order to be able to know the location from where the images are captured. If the captured image shows abnormality in the GI tract, with the knowledge of the location of the captured image, therapeutic operations could be performed precisely at the position of the abnormality.
The methods used for localization of the capsule endoscopes are usually based on the measurement of the magnetic or the electromagnetic (EM) field as discussed in [2] . The main advantage of localization methods based on the magnetic field strength is that low frequency magnetic fields can pass through the body with low attenuation as tissues of the human body are non-magnetic. However, one challenge is the interference from the magnetic fields produced by material present in the surrounding and also from the earth's magnetic field and this may require additional equipment for analysis of the magnetic signal for the localization. On the other hand, an advantage of the electromagnetic system is re-using the EM signal radiated by the WCE without any additional equipment. On the downside, high frequency EM waves have much higher attenuation as compared to magnetic waves when they pass through human tissues. Low frequency EM waves have low precision of localization.
The conventional method of localization using radio frequency signals for indoor and outdoor environments are based on received signal strength, angle of arrival (AOA), time of arrival and, time difference of arrival. AOA methods are problematic due to the multipath components arising because of the complex environment inside the human body which includes several layers of heterogeneous lossy tissues each having different electrical properties. On the other hand, time-based methods need strict time synchronization and high bandwidth for desired precision, which is hard to achieve in the MedRadio band (401-406 MHz). It could be used for ultra-wideband (UWB) based localization [3] . Hence, field strength methods based on the received signal strength indicator (RSSI) have been discussed in detail in the literature [5] - [12] .
RSSI based methods use the received signal at different positions on the abdomen for localization of the capsule [6] , [7] . Usually, a signal propagation model is used which relates the received signal strength with the distance between the in-body transmitter and the receiver located on the body. After the distances from the receiver are estimated, a trilateration method could be employed to calculate the coordinates of the capsule. In [8] , instead of using a propagation model, the authors used an algorithm based on a lookup table where offline measurement was carried for different positions of the WCE and stored in a look up table. Later on during the experiment, the RSSI was compared with the closest value in the look up table for position estimation. There has been efforts to build a more accurate propagation model which does not only depend upon the distance but also the antenna orientation and tissue absorption [9] , [10] . Thus, the RSSI based methods need a propagation model which varies from person to person due to complex radio wave absorption properties of the human tissue [2] .
There are also radio frequency identification (RFID) based methods of localization investigated in [13] - [17] that in some way or the other rely on the field strength measurements. In [13] , a cubic antenna array is built around the patient's body to track the RFID tag integrated in the WCE. The localization algorithm is based on the assumption that the closest antenna detects the tag. An improved method consisting of RFID tags having bi-directional antennas are discussed in [14] , [15] . Phase difference of the signal from an RFID tag without any localization algorithm is discussed in [16] . Using this approach, the authors in [17] use support vector regression to track the medical instruments such as needles and catheters having RFID tag with a mean accuracy in the mm range. However, the tags orientations were kept fixed and the influence of the human tissues on the RF signal was not considered.
With the exception of AOA based methods, the first step for the localization methods is the estimation of the distance (also called ranging) from the transmitter to the different receivers. Hence, a more accurate distance estimate will result in a more accurate position estimate. The main contribution of this paper is to develop a ranging method based on the phase difference of the electromagnetic signal for different frequencies received at the same receiver antenna for a case when the transmitter is implanted and the receivers are located on the body. The phase difference method has been used for the localization in a free space [16] and can be seen as a variant of time of arrival based methods. In this paper, we develop a formulation to extend it for the implant to the on-body case. A linear least square method is used to get an initial position estimate of the RF source using the estimated distance from different receivers as discussed for free space localization in [19] . This initial estimate of the location is then used as an input for the non-linear least square model for localization which is an iterative method for more accurate localization. A similar approach using the non-linear least square method, however, based on the RSSI for the range estimation at the 433 MHz band is discussed in [6] , [11] .
The method developed in this paper is applied on simulated data obtained through FDTD simulations done with a simple cylindrical homogeneous phantom, and with a more realistic heterogeneous phantom, in the 403.5 MHz MedRadio band. The localization is done for 2D case with the capsule inside the homogeneous and the heterogeneous phantom. It is then extended to a 3D case for the homogeneous phantom.
The data from the capsule is transmitted to the on-body sensors connected to a data recorder worn with a belt. The frequency of the data transmission is usually twice per second as in Given Imaging endoscopy capsules [20] . It should be noted that the proposed localization method is a supplement to such a WCE system where the recorded data is used in a post processing step for the localization of the capsule. Hence, the computational complexity of the proposed algorithm is not considered, which can be critical for the real time tracking systems.
LOCALIZATION ALGORITHM
The localization system assumes that there are N receive antennas placed on the body at known positions around the abdomen such that N ≥ 3 for 2-D localization and N ≥ 4 for 3-D localization. These N receive antennas receive the signal from the capsule after it has traveled through the lossy tissues having effective relative permittivity r and effective conductivity σ. More details about the electrical properties of the medium are given in Section 5. The presented localization method is a three step process. In the first part of the localization algorithm, the distance of the receiver from the capsule is estimated. Using this estimated distance, in the second step, initial coordinates of the capsule are obtained using a linear least square method. This initial estimate of the coordinates is then used in the final step based on the non-linear least square method for the estimation of more accurate coordinates of the capsule. The details of each step are described below.
Estimation of the distance
The phase φi of the signal received at the ith receiver is given by
where φ ki is the phase offset between the transmitter and the ith receiver, which is assumed to be constant, and φ di = −βdi is the phase of the signal after traveling through a distance di in the medium with phase constant β and effective relative permittivity r and effective conductivity σ.
The phase constant at frequency f of the medium is given by [21] 
where µ0 is the permeability and 0 is the permittivity in free space. Substituting φ di = −βdi in (1) and differentiating w.r.t. frequency f , the first term φ ki being a constant will vanish and we get
Differentiating β w.r.t to frequency, the estimated distancê di is given byd
where di is approximated by the estimated distancedi, c = 1/ √ µ0 0 is the speed of light in vacuum, and K depends upon a factor P = 1 + σ 2πf 0 r 2 and is given by
From (4), it can be seen that the estimated distance depends upon the slope of the phase of the received signal in the frequency domain.
Estimation of the initial estimate of the coordinates
We use the method described in [19] for free space and extended it to the WCE case in [6] for the estimation of the location. Let Ω = (x, y, z) be the coordinates of the capsule at a time instant t. The position of the ith receiver is given by Ri = (xi, yi, zi). The true distance between the ith position Ri and the capsule location Ω is given by di(Ω)
In this method, one of the receivers is assumed to be reference. Let the coordinates of this reference receiver be Rr = (xr, yr, zr). The true distance between the reference receiver and any receiver is given by dir = (xi − xr) 2 + (yi − yr) 2 + (zi − zr) 2 . Similarly, the true distance between the capsule location and the reference receiver is given by:
Using the cosine rule, we can derive the following equation:
Since, the coordinates of the receiving antennas are known, dir is a known quantity. dr(Ω) can be replaced by the estimated distancedr(Ω) and di(Ω) bydi(Ω) in (6) . Assuming the nth receiver, Rn = (xn, yn, zn) to be a reference receiver, we will get a linear system with N − 1 equations in 3 unknowns x, y and z. The equations can be written in matrix form as
where A is given by
and here the n th row having zero elements has been omitted. Finally, x is given by
and b is given by
The solution of (7) is given by
where (.) T represents the transpose of a matrix. In cases where A T A is nearly singular and poorly conditioned, its inverse cannot be calculated. For such cases, the solution can be calculated by back substitution after doing QR decomposition of the matrix A [19] .
Estimation of the coordinates by
Non-Linear Least Square method
The initial estimates calculated in Section 2.2 is used as the input for calculating the final estimate of the capsule location by the non-linear least square method [19] . The non-linear least square method is a well known method for error minimization and is described here for completeness. It minimizes the sum of the squares of the error on the exact distance di(Ω) = (x − xi) 2 + (y − yi) 2 + (z − zi) 2 and the estimated distancedi(Ω) for all the receivers. The sum of the errors E(Ω) of the distances is given by
To minimize the sum of the errors on the distances, the partial derivate of E(Ω) w.r.t. x, y and z has to equated to zero simultaneously, i.e.
∇E(Ω)
Equation (13) can be reduced to the following form:
where J(Ω) is the Jacobian defined by
and f (Ω) is a vector containing the difference of the distances
. . .
Equation (14) can be solved by iterative methods like NewtonRaphson:
where Ω k is a vector containing coordinates of the WCE at the kth iteration. Ω1 is the vector of initial coordinates estimated in Section 2.2. Iterations are performed until |Ω k+1 − Ω k | < ξ such that ξ has a small value. We choose ξ = (0.01 0.01 0.01) T mm.
Performance evaluation of localization
The performance of the algorithm is evaluated by calculating the error distance (derr) of the position estimate which is the distance between the true position and the estimated position and is defined as:
where (x, y, z) is the true position of the capsule and (x,ŷ,ẑ) are the final estimated coordinates.
SIMULATION SETUP
The developed algorithm for the localization is tested on data obtained through finite-difference-time-domain (FDTD) simulations done with a simple homogeneous cylindrical phantom and a heterogeneous phantom from the Virtual Classroom Project [22] . Simulations are done in a commercial FDTD full-wave electromagnetic solver SEMCAD-X [23] in the 403.5 MHz MedRadio Band. The cylindrical phantom has a diameter of 10 cm and height of 10 cm, and homogeneous electrical properties ( r = 57.1 and σ = 0.8 S/m) of muscle tissue at 403.5 MHz is assigned. The heterogeneous phantom used is a truncated torso part of Billie phantom [22] . For the heterogeneous phantom, the electrical properties of all the tissues are assigned at 403.5 MHz. For a preliminary investigation, a broadband simulation is done in the 401-406 MHz band and then the phase of the simulated forward transmission coefficient (S21) is extracted at 5001 frequency points. The factor P , used in (5), is calculated at 403.5 MHz. The simulation domain is terminated by an uni-anisotropic perfectly matched layer (UMPL) at the boundary. A hertzian dipole of length 1 cm is used as the transmitter and the receiver. The antenna placement along with the position estimation is described in the following section.
POSITION ESTIMATION
In this section we describe the different cases for which the localization algorithm is implemented. The position of the feed point of the hertzian dipole is taken as the position of the receive antenna and the transmit antenna in the algorithm. 
Cylindrical Phantom: 2D case
For the cylindrical phantom in 2D, 19 receive antennas are placed along the curvature at an equal angular position of 10
• at the half height of the cylinder where z = 0. The center of the cylinder is at origin O = (0, 0, 0) cm. The transmitter is at the coordinate Ω = (1.5, 1.5, 0) cm. The transmit antenna and the receive antennas have the same polarization and their axes are parallel to the axis of the cylinder. Homogeneous electrical properties of the muscle is assigned to the cylinder ( r = 57.1 and σ = 0.8 S/m), and the same value is used in the algorithm. The phase of S21 for each receiver is extracted and the mean value of the slope dφi/df is calculated. Each one of the receivers is chosen as a reference at one time and an initial estimate of the coordinates of the transmitter are calculated. For different reference receivers, different transmit antenna coordinates are found as shown in Fig. 1 . Using the initial estimate, the final coordinate is calculated by the non-linear least square method. The solution for all the initial estimated coordinates converges at a same location having coordinates (1.79, 1.79, 0) cm. Thus, the distance error derr of the position estimation is 0.41 cm. It took 5 iterations to converge at the final solution.
Heterogeneous Phantom: 2D case
The algorithm is applied on the simulated data for the heterogeneous phantom Billie from virtual classroom project [22] . Three receive antennas are placed at (-2.31, 5.59, 0) cm, (-4.06, 0.85, 0) and (-3.80, -6.09, 0) cm on the body. The transmitter is implanted at the level of the small intestine of the phantom at (1, -0.8, 0) cm with same polarization as the receiver which is parallel to the body axis (z-axis). The receive antenna positions and the transmit antenna position are shown in Fig. 2 . For the estimation algorithm, the elecRx Tx Figure 2 : Example of receiver and transmitter positions shown when using the heterogeneous Billie phantom [22] .
trical properties of the muscle at 403.5 MHz are used. The error in estimated distanced calculated from (4) for the three receivers is 0.7 cm, 0.07 cm, and 0.9 cm, respectively. The initial estimate of the location is at (-3.77 , -0.08, 0) cm for all the three receivers as the reference. The final estimate using the non-linear least square method is at (1.65, -0.71, 0) cm. The convergence was achieved in 6 iterations. An error of 0.65 cm is obtained in the x-coordinate and 0.09 cm in the y-coordinate which accounts to derr of 0.65 cm. The localization result is shown in Fig. 3. 
Cylindrical Phantom: 3D case

DISCUSSIONS AND FUTURE WORK
The proposed localization method developed in the paper is for a WCE system where the data is analyzed in a post processing step. It should be noted that since the algorithm for localization would be used during post processing and not in a real time, the computational complexity of the algorithm is not a direct limitation.
The set of the coordinates used in the localization is taken from an absolute coordinate system. In a practical application, the coordinate system can be defined w.r.t. to the position of one of the receive antennas. There might be some additional error in the position estimate due to breathing, which will alter the coordinate system
One of the requirements of the algorithm is that the electrical properties (relative permittivity and conductivity) of the tissues should be known. We used the homogeneous electrical properties of muscle tissue on the simulated data from the heterogeneous phantom. For more accurate localization, the proper effective electrical properties of the tissues have to be estimated and used. The method described in [18] , where the effective electrical properties are estimated using a magnetic resonance imaging scan (MRI) of the body, could be used. The drawback is that it requires a costly MRI scan of the patient. Other methods for determination of the proper effective electrical properties will be investigated in the future.
In the current analysis, noise is ignored. In practical scenarios noise will be present and will influence the localization result. Another limitation in the current analysis is the polarization of the antennas. All the receive antennas and the transmit antenna are linearly polarized in the same direction. However, in reality the capsule will change orientation while traveling through the GI tract and hence there might be polarization miss-match resulting in poor signal-to-noise ratio. One solution to this is an antenna system that uses polarization diversity either at the receiver or transmitter side.
The dependency on the number of antennas for the localization will also be investigated. Another field to investigate is localization in the 3D heterogeneous case. In this paper, the algorithm is tested on a few examples and hence more simulations with different positions of the transmitter and the receiver would be done to arrive at a statistical conclusion regarding the performance of the algorithm.
CONCLUSIONS
A method based on phase difference of arrival and non-linear least square method for the localization of an RF transmitter inside the human body was presented. A formulation for the distance estimate between the in-body transmitter and an on-body receiver was derived based on the phase difference of the signal from the same burst at the receiver. A linear least square method was used for the estimation of the initial coordinates of the transmitter. This initial estimate was used as an input for the non-linear least square method for more accurate position estimation. The proposed method was applied on noise-free FDTD simulated data obtained through simulation with a simple homogeneous phantom, and a more realistic heterogeneous phantom, respectively.
The error distance of the position estimate was within 1 cm after the implementation of the nonlinear least square method in the 2D case for the homogeneous and the heterogeneous phantom. The proposed algorithm was extended to a 3D case for the homogeneous cylinder case again giving the error distance within 1 cm. Hence, the presented algorithm is a possible candidate for localization of wireless capsule endoscopy, as long as the signal to noise ratio is high enough. Investigation directions for future work on the dependency of position estimate on number of receivers, polarization, and proper estimation of electric properties of the tissues were discussed.
